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Effective Lagrangian models of charmonium have recently been used to estimate dissociation cross 
sections with light hadrons. Detailed study of the symmetry properties reveals possible shortcomings 
relative to chiral symmetry. We therefore propose a new Lagrangian and point out distinguishing 
features amongst the different approaches. Moreover, we test the models against Adler's theorem, 
which requires, in the appropriate limit, the decoupling of pions from the theory for the normal parity 
, sector. Using the newly proposed Lagrangian, which exhibits SUl{Nj) x SUR{Nf) symmetry and 

' complies with Adler's theorem, we find dissociation cross sections with pions that are reduced in an 

' energy dependent way, with respect to cases where the theorem is not fulfilled. 
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I. INTRODUCTION 



The theoretical study of matter under extreme conditions enjoys a wide range of application, from the physics of 
the early Universe, to that of rclativistic nuclear collisions. The latter offer the tantalizing possibility of recreating 
in the laboratory the conditions that prevailed roughly a microsecond after the Big Bang. The theory of the strong 
[ interaction, Quantum Chromodynamics (QCD), predicts a phase transition from normal hadronic matter to a plasma 
• of quarks and gluons [1]. To find a signature of this new state of matter represents a task which has generated 
OO ' tremendous activity both in theory and in experiment. Of the many signals put forward as probes of the quark-gluon 

. plasma, the suppression of the J/i/j yield enjoys a popular status [2]. 
\l ' Indeed, since charmonium is predominantly produced in the early stage of the nuclear collisions through hard 
, processes, it acts as a probe for the subsequent stages. The original idea was that the presence of a quark-gluon 
f| ■ plasma (QGP) will screen the long-range confining force between c-c, leading to the dccoherence of the pair [2]. 
O-i! This suppression mechanism was later augmented by the possibility of charmonium dissociation by hard gluons in a 
^ • deconfined medium [3] . In the interpretation of the early centrality-dependent J/^p absorption observed by the NA38 
Qj I collaboration [4] , those suppression mechanisms were not manifest and nuclear absorption sufficed to understand the 
. data. But, this scenario says nothing about the effects of the late hadronic phase. Indeed, also accounting for final 
' state interactions can go a long way in reproducing the NA50 suppression pattern [5] observed subsequently in Pb -I- 
• 1— I , Pb collisions, provided the J/ip cross-sections with hadronic matter are of the order of one to a few millibarns [6, 7]. 
' In those experiments, it is fair to say that the presence of a quark-gluon plasma is still ambiguous. Thus, in order to 
^ , identify the true nature of a possibly new phase, it appears necessary to quantify the J/ip-\ight hadron interaction. 
■ - - ' This requirement on the J/^p cross-sections with light mesons is not a trivial one to satisfy, as there are no direct 
experimental measurements. One has to rely on theoretical calculations based, for example, on QCD sum-rules [8], 
on quark-potential models [9, 10], or on effective mcsonic Lagrangians [11-15]. These lead typically to cross-sections 
from a few tenths of a millibarn to a few millibarns near threshold [8] . 

Specifically, for the effective mcsonic Lagrangians found in [13-15], once form factors have been folded-in to account 
for short-range interactions, the dissociation cross-section by pions reaches a few millibarns. But concerns have been 
raised about using such models: (i) the SU (4) symmetry used to describe the pseudoscalar and vector meson inter- 
actions is questionable as it is broken, (ii) the form factors accounting for the finite size of the mesons do not proceed 
from the formalism as in other models [8, 10], and (iii) the J/tp + n D* + D process does not vanish in the soft-pion 
limit for non-degenerate vector meson masses as expected from Adler's theorem [16]. All of those can be addressed, 
but it is the purpose of this article to expand on the last point and show that, even in the degenerate vector mass 
limit, the pions' decoupling in the soft limit does not necessarily follow for amplitudes constructed from the normal 
parity content of the Lagrangians found in [13-15]. Consequently, we propose an alternative charmonium Lagrangian 
implementing the extended S'[/l(4) x SUr{A) chiral symmetry for which the theorem holds for a degenerate vector 
mass spectrum. 

Our paper is organized as follows: we first present two models implementing the SUL{Nf) x SUii{Nf) chiral sym- 
metry and one implementing only the SUv{Nf) symmetry. Having introduced the pseudoscalar mesons as Goldstone 
bosons in all these models, we note that for SUL{Nf) x SUii{Nf) invariant normal parity Lagrangians, the pscu- 
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doscalars must decouple from the theory in the zero-momentum hmit. We expHcitly show that at the ampUtudc level 
for the process p° + tt"*" — *■ + 7r+, the SUl{2) x SU]i{2) chirally symmetric models obey the soft-pion theorem, 
while the isospin-only invariant model does not. We then digress on electromagnetic current conservation, and show 
that it can be implemented in all the models. Bearing in mind that we wish to study the implementation of pions' 
decoupling in effective charmonium Lagrangians, we review the most commonly used effective Lagrangians in hadronic 
J/ip suppression, and show that they are not invariant under the S'?7l(4) x SUnl-i) symmetry, but rather only under 
SUvi^)- We explore the consequences of implementing the extended chiral symmetry by comparing the cross-section 
for the J/ip + n absorption process obtained in our two formulations. Finally, in Appendix A, we show that the 
amplitude for the J/ip + tt absorption process does vanish in the degenerate vector meson mass limit for the extended 
chiral symmetric case, but not the S'C/y(4). We re-derive the result of Ref. [16] for the case of a non-degenerate 
vector mass spectrum. We then explicitly check in Appendix B that the Ward identity holds for both S'J7y(4) and 
SUl{4:) X SUfi{4) models. In Appendix C, a discussion about fixing coupling constants is presented. 



II. EFFECTIVE MESONIC LAGRANGIANS 



A. SUL{Nf)x SUR(Nf) Lagrangian with pseudoscalar, vector and axial vector mesons 

To build a SUL{Nf) x SUfi{Nf) symmetric Lagrangian with pseudoscalar, vector and axial vector mesons [17], we 
start with the non-linear a model 

C^^F^'Trid.Ud^U^), (1) 

where U = exp(2i0/F7r) and (p = , are the SU{Nf) generators, and we introduce the vector and axial vector 
mesons by minimal coupling of the right- and left-handed vector fields 

Al^. = \{V^. + A,) (2) 

Ar^. = \{V^^- ^m) • (3) 

The resulting Lagrangian 

C = ^FITt [D^UD^'U^] - ^Tr [F^ulF^" + F^^rF'^'] , (4) 

where D^U = d^JJ — igA^U + iglJA^, Pf^^ are the non-Abelian field strength tensors, and g is the universal gauge 
coupling, is then invariant under a SUL{Nf) x SUR{Nf) transformation[18] 

U ^ UlUUI (5) 

Af, ^ ULAfiUl+'-ULdM (6) 

< ~- UrA^V}, + '-Und^ul (7) 

We note here that SUv{Nf) and SUA{Nf) arc subgroups of the full SUL{Nf) x SUrINj) group. To account for the 
right- and left-handed mesons' masses, we add the symmetry-invariant term 

mgTr [A^lAI + A^rA'^j,] . (8) 

We could also supplement the Lagrangian with the pseudoscalar mass term [17] 

^F^^Tt{M{U + U^ ~2)), (9) 

where M is the pseudoscalar mass matrix. But this term explicitly breaks the symmetry, and thus will be considered 
as a correction (as lifting the mass degeneracy of the vector mesons). Expanding the Lagrangian and removing the 
mixing between the pseudoscalar and axial vector fields via 

A,,^A^ + ^ Z-^4>, ^ Z-'F^, Z^=ll- ^ j (10) 
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yields 

+ ^V4>4> + ^Av<p + '^vv<p<p + ■ ■ ■ , (11) 

where the tildes were dropped for simplicity and the degenerate masses are defined as my = TOq, and m\ = my jZ"^ . To 
the above Lagrangian other non- minimal terms can be added and are necessary to fit tt, p, and a\ phenomenology [19]. 
But the Lagrangian of Eq. (11) will be sufficient for our purposes. 



B. SUL{Nf)x SUR{Nf) Lagrangian with pseudoscalar and vector mesons 

In the previous section the axial mesons were introduced as the chiral partners of the p fields resulting in a linear 
realization of the symmetry [20]. In the present case, since the desired SUL{Nf) x SUii{Nf) Lagrangian will involve 
only pseudoscalar and vector mesons, both will then have to transform non-linearly under the symmetry. This is 
similar to building an effective low-energy theory with the tt field transforming non-linearly under the axial group, or 
equivalcntly by imposing a constraint [20, 21]. The second approach will be favoured here by gauging-away the axial 
mesons [18]. But before doing so, we add to Eq. (4) the locally-invariant term 

7Tr(F^^[/F^''-^[/t) (12) 

and the mass term of Eq. (8) with the further addition 

BTr [Al^^UA'^^U^ . (13) 

The second mass term is non-minimal and is introduced to account for p-meson phenomenology in the final Lagrangian 
[18]. To remove the axial mesons we set Ul = C/^^^ = C and Ur ^ U^^^^ = in Eqs. (5-7) giving 

U - CIC (14) 

- CpmC^ + -Cd,C^ (15) 
9 

= C^P,C + k^d,C. (16) 

This amounts to imposing the SUL{Nf) x SUji{Nf) invariant constraint 

V^U^ = 0. (17) 
The new vector field then transforms in the usual way under the vector symmetry, namely 

^ Kp^K^ + -^Kd^K\ (18) 

where K g SUyiNf), but transforms non-linearly under the axial-vector subgroup. Substituting the new field 
definitions and normalizing the vector and pseudoscalar kinetic terms by choosing 



yields 



4' q'F3 2 



^ = -\TT[FMF^^{p)] + \mlTT[pl] 



^(1 + fc)Tr [d,,Cd^C\ + i^I^Tt [p^^ [d^CC + d^CO] 



4 ^^'^"^'-'^ ^'^'J ' 2 

^2 
_ZL 

4 

+ :^(i-fc)Tr[cta^ctC5pC], (20) 

where the parameters are defined as my = 2B + Am^, gv<p<p = tuvI and g = gvijxp/k, and the field strength tensor 
is F^^{p) = d^Pi, — d^p^ — ig[Pfj,, p^] [23]. Notice the extra parameter k, owing to the introduction of the non-minimal 
vector meson mass term. As with the Lagrangian of Eq. (11), this Lagrangian of pseudoscalars and vector mesons is 
globally invariant under SUL{Nf) x SUii{Nf), and consequently under the SUv{Nf) subgroup. 
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C. SUv (Nf) Lagrangian with pseudoscalar and vector mesons 

The two preceding Lagrangians encode SUL{Nf) x SUR{Nf) symmetry. For the pmpose of reviewing the effective 
Lagrangian models used to calculate charmonium dissociation, we now build a SUyiNf) invariant-only Lagrangian 
by gauging the non-linear a model with the vector meson field [22] 

C = ^Tt [D.UD^U^ \Tr[FfFl] + im^^Tr[F^2], (21) 

where DfjU = 9^C/ — «f [V^/i, U] and = df^Vi, — d^Vf^ — i^[Vfj,, Vv]- This Lagrangian is invariant under a global 
SUv{Nf) transformation, but not under the full SUL{Nf) x SUR{Nf) symmetry group {SUv{Nf) is a subgroup of 
this group). It also exhibit a PPVV contact interaction, while Eq. (20) has no such term. 



III. ADLER'S THEOREM 



A spontaneously broken symmetry not only implies the existence of Goldstone bosons, but also constrains their 
low-energy behaviour. Here we will consider the transition amplitude for emitting one Goldstone boson (the proof 
can easily be extended to more than one) . Following Weinberg [24] , we first note that the current operator can create 
a Goldstone boson 

^°"'''(")"^>=^(2^^^"' 

where F is the decay constant. We expect the matrix element {(3\J^^{x)\a) to then have a pole term. Indeed, in 
general, we can write 

HJ^(0)|/3)==iV^„+*^Af|L, (23) 

where M^^ is the desired transition amplitude for emitting one Goldstone boson, and N^^ is assumed to be the 
pole- free contribution. Applying the current conservation constraint, we then find that 

and we see that as g ^ the RHS vanishes. Historically, this property was first studied by Adler [25], and rests on 
the assumption that N^^ has no singularity as g ^ 0. This is not valid in general, since a pole may arise through the 
insertion of the current operator on an external line [22] . can then have a non- vanishing contribution in the soft 

limit due to emission of a soft Goldstone boson off an external line. But this is not the case for SUL{Nf) x SUii{Nf) 
normal parity mesonic Lagrangians where there are no vertices such as (j)'^ or VVip (see Eq. 20). 

Thus, for the normal parity Lagrangians where the underlying symmetry is SUL{Nf) x SUR{Nf), we expect that 
transition amplitudes will vanish in the pseudoscalar zero-momentum limit [26], up to corrections from coupling to 
other non-symmetric invariant gauge fields, such as the electromagnetic field, and in general any non-invariant terms 
(e.g. pseudoscalar masses). In the following subsections, we will explicitly check that decoupling occurs for the process 
TT^ + ^ 7r+ + p'^ in the two chiral-invariant Lagrangians of Eqs. (11-20), but not for the isospin-invariant model of 
Eq. (21). 



A. Chiral model with tt, p, and ai mesons 

The process we want to consider, namely 7r+(pi) 4- p°((j'i) — > 7r+(p2) + P°(92), involves 5 tree-level diagrams for the 
given particle content: tt- and ai-mediated exchanges both in s and t channels, and through a 4-point interaction 
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FIG. 1: +1^+ ^ p" + TT-I 



(Fig 1). We start with the relevant interaction terms from the Lagrangian of Eq. (11) 
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From here we extract the off-shell vertex functions 



pi ^ 9_ 

^ V2 



(1 - Z'^) 
2 iq-kPfj,-q- pkf,) 



p2 



»g (1-^^ 

V2 my 



^—2 {-2pi • P2g^^ + Pl^P2i. + P2t,Pl,y} + -^9t^v 



(25) 

(26) 

(27) 

(28) 
(29) 
(30) 
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for TT^{p) + p^{q) TT^{k), iT^{p) + p'^iq) ^ a^(fc), and the four-point interaction, respectively. The resulting five 
ofF-shell amplitudes are then 



iM 



s — m 
i 



t-ml 



s — m , 



i[9''^ -{q2-pinq2-pir/m\] 



t — m 



A 



up 



up 



iM 



(31) 
(32) 

(33) 

(34) 
(35) 



Having now the full amplitude for the given process, we wish to see if the pseudoscalar decoupling theorem holds. 
The presence of the contact term in the 4-point interaction leads us to expect cancellations to occur as we let one 
of the pions' 4-momentum go to zero. Stated differently, since the p-meson was introduced in a chirally symmetric 
way by adding its chiral partner (i.e. ai), the transition amplitude relies on help from the oi in what amounts to a 
delicate cancellation allowing the pion to decouple. To show this, we contract the amplitudes with the appropriate 
polarization vectors, and then let p2 ^ (a similar proof can be shown to hold for pi 0). First it is seen that 
the amplitudes involving the 7r-exchange go to zero because of transversality (i.e e(q) ■ q). For oi-exchange in the 
s-channel we find (the same result is true for the t-channel) 



^^liip2 



0)- 



a/3 



a fi 
5 — 



2 mf. 



2 , f?! • 92 

f^Agp-u - qii^qiu h —q2iiqiu 



m 



2"'?2/i<Z2iy 
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^e*{q2) ■ e{qi). 



The last line comes about again due to the orthogonality condition. Finally, the 4-point interaction reads 

■ 2 

«>'5 = ^e*('72)-e(gi), 



(36) 



(37) 



and thus the full amplitude is shown to vanish as expected. Note the cancellation between the 4-point interaction and 
the oi channels. In summary, even though the pions are not coupled through gradient coupling for all interaction 
terms, the net amplitude still vanishes due to intricate cancellations amongst all the channels. 



B. Chiral model with tt and p mesons 



In this model there are only two diagrams, namely s- and t -channels of pion exchange. The relevant interaction 
Lagrangian is 



and the extracted vertex for the s- and t- channels is 

^'1 SpiTTT 



(Pm + fc^) : 



(38) 

(39) 
(40) 



with k = p + q and k = p — q, respectively. The two amplitudes are then 



iM^ = ir'-^t 

t — ml 



(41) 
(42) 
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We immediately see that the soft pion theorem holds separately for eaeh amplitude when the proper polarization 
veetors are contraeted with the amplitudes. 

C. Isospin-invariant model with tt and p 

Here the interaction Lagrangians are given by 

[0,9^0]! (43) 



C - -z^Tr 



2 

C -^Tr 



(44) 



We note that the three-point interaction is identical in structure to the ones from the previous sections, and the 
derived amplitude from these terms disappears in the appropriate limit. The difference lies here in the additional 
4-point interaction. Indeed, in the zero-momentum limit for the pion its contribution is non-vanishing, and therefore 
the pions do not decouple. It is then expected that the behaviour of the cross-section for the process near threshold 
to be different from the one calculated in the chiral models. 

IV. ELECTROMAGNETIC CURRENT CONSERVATION 

We now wish to add electromagnetism to all three models and to investigate the validity of vector meson dominance 
(VMD) [22]. 

A. SUL{Nf)x SUR(Nf) Lagrangian with pseudoscalar, vector and axial vector mesons 

The fields transform under ?7_ea/(1) as [23]: 

Sa^ ^ -d^e (45) 
e 

SU ^ ie[Q,U] (46) 

= ze[g,^^'«] + ^Qa^e, (47) 

where is the electromagnetic field and Q is the appropriate quark charge matrix. Using Witten's iterative method 
[27], Eq. (11) can be made invariant provided we add the following terms [23] 

A, = -^aMT, [Q(A^ + a;?)] + ^a^TrQ^ . (48) 

By explicitly expanding the first term one obtains [28] 



£vMD = -V2-m^a^pO +••• . (49) 
9 



The above interaction term is precisely Sakurai's original formulation of vector meson dominance. 

B. SUL{Nf)x SUR(Nf) Lagrangian with pseudoscalar and vector mesons 

We now turn to the non-linear model. Here we must add extra-terms due to the non-minimal mass term introduced 
in the mesonic Lagrangian of Eq. (20). The counter terms added to make the Lagrangian invariant are 

A^,. = -^a^'Tr [Q(A^ + A/^)] - |a^Tr [Q {UA^U^ + C/U^t/)] 

+ ^«>Q^ + ^a^Tr [QC/QC/t] . (50) 
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Then using the expressions for Af^, and U in terms of p and (j), we find 



A 



NL 



kgF^^Tv[Qp^] + 1(1 - fc/2)Tr [Q[0, 9^0]] 



Tr[Q 



(51) 



We first note that beyond the vector-photon coupling (first term), there can be a direct 007 contribution (second 
term). Moreover a 4-point interaction exists (third term) of type Vcfxjry and is essential for current conservation in 
processes such as + 7r+ tt^ + 7. 



C. SUv (Nf) Lagrangian with pseudoscalar and vector mesons 



Finally, we examine the S'?7v'(iV/)-invariant Lagrangian of Eq. (21). Under the electromagnetic gauge transforma- 
tions, since the photon couples only to the vector field, the counter terms are also given by (Eq. 48). 



V. CHARMONIUM EFFECTIVE LAGRANGIANS 



We now review the effective Lagrangians used to calculate the J/ip dissociation rate in a hadronic gas [13-15]. The 
underlying hypothesis of all these models is to assume that the pseudoscalar and vector meson fields are in multiplets 
of SU{4:). The interactions are then built from these by using the same techniques outlined in previous sections. 
Coupling constants for the various interactions are fixed either empirically or using symmetry arguments [13-15]. 
Moreover, to model short range interactions, form factors are introduced (e.g. [13]). Overall, the models differ in their 
methods for fixing the coupling constants, their choice of form factors and implementation, and in their abnormal 
parity interaction content. 

The three approaches can be summarized as Lagrangians where (i) both axial vector and vector mesons are present, 
but the interaction vertices with axial vector mesons are dropped [15], (ii) non-minimal mass terms are added and the 
axial mesons are gauged-away by imposing a iS'?7l(4) x SUr^^) symmetric constraint in a similar fashion as in Section 
IL C [13], and (iii) only the vector mesons are introduced through gauge-coupling as in section II. B [14]. Comparing 
the Lagrangians in references [13-15], we see that, up to a constant redefinition, they all lead to the same normal parity 
SUv{^) invariant-only Lagrangian, namely that of Eq. (21) [29]. Indeed, all these approaches lead to the pseudoscalars 
not decoupling for the P + V — > P + V process in the zero- momentum pseudoscalar limit for degenerate vector mesons 
masses. In the first approach, the theorem is not respected because the axial vector mesons are omitted, and as it was 
shown that virtual axial vector meson exchange plays an essential role in canceling the non- vanishing zero-momentum 
contribution of the PPVV vertex. In the second approach, the theorem was again not respected because the third 
non-minimal mass term of Eq. (2.6) in [13] is not globally invariant under S'[/l(4) x S'f7fl(4) symmetry, which leads to 
a non- vanishing zero-momentum PPVV contribution. And in the third case, the Lagrangian is globally invariant only 
under SUvi^), but not the extended symmetry [30]. Thus, none of the amplitudes extracted from these Lagrangians 
obeys the decoupling theorem in the degenerate vector mass limit, neither for the J/i/; + tt ^ D*{D*) + D{D) nor 
the p + IT ^ p -\- t: processes. 



VI. COMPARATIVE ANALYSIS 



We have shown that the effective Lagrangian models found in the literature [13-15] are all S'f/y(4) invariant (in 
the degenerate mass limit), but not 5^/^(4) x 5[/ij(4) invariant. Here we will compare the J/^ + tt cross-section as 
calculated within the models of Eq. (20) and Eq. (21). In the former, we need to consider three diagrams (Fig. 2), 
while for the latter, the contact interaction is absent (as expected from previous discussions). In Appendix A, we 
further address the pseudoscalars' decoupling in the soft momentum limit, and in Appendix B we investigate the 
electromagnetic current conservation for the related 7 + tt ^ Z) + D* process. 
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A. SUv(4) model 

Defining the pseudoscalar and vector field matrices as in [13], the relevant interaction terms from Eq. (21) are 

Cj/^DD = ig.j/i,DDV{Dd^D-d^,DD) (52) 
C^DD' = ignDD'D*^{d^TTD-TTd,,D) + h.c. (53) 

- dMD*'"D*'' - D*''D*'')] (54) 
Cj/^,D-^D. = -9j/^,D^D.V{D;7rD + DttD;), (55) 

where ip is the J/i/j field, the isospin doublets are [15] D'^ = {D°,D-), D = {D",D+), and similarly for the vector 
particles, and tt = ■ n. Provided the symmetry is exact, we have also 

gj/rPDD — g.J/ipD*D* — g-nDD' — -j^-, gj/^D^'D-n — ■ (Obj 

The amplitudes for the absorption process are then 

■A^i ,■ (2p2t. - git.)(2pi^ - 92^) 

iM = +igjii,DDg^DD' 7 72 — —2 — — 57) 

...2 ■ [(2(?2 - gi)i.5A'A + (2gi - g2)/xffA<. - ((71 +92)AgM'^](PiA(l + A) +P2a(1 - A)) 
I'-'^uv = -~Wj/ijD'D'gTzDD- 7 ^2 

{qi-q2r-rn*J 

= -igj/iiD-D^gf,,^, (59) 

where A = (m|, — m'^)/mjj,. In Appendix A we show that for degenerate vector meson masses, the full amplitude 
does not vanish in the soft-momentum limit. Rather, there is a left-over contact term due to the third diagram. 



B. SULi4)xSURi4) model 

For the SUl{A) x S'J7fl(4) invariant Lagrangian of Eq. (20), the interaction terms are given by Eq (52)-(54), but 
now with 

9V4>4> ^9 25 gv4>4> _ kg 

gj/,(,DD - - gj/iiD-D- ~ gwDD' - - (.ouj 

With these, the two relevant amplitudes are those of Eqs. (57) and (58). Note that we can map the S'?7y(4) couplings 
to those above by letting k ~ 2 and setting g g/2. 
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C. Results 



The first step is to fix tlie coupling constants of tlie two models. This is done in Appendix C. Also, to account 
for short range interactions form factors would have to be folded in [13-15]. But, since we are here interested in the 
effect of the implementation of the symmetry group, they will not be introduced. The differential isospin-averaged 
cross-section is then given by 



da 



1 



1287r.spf 



M^"'M 



a/3 



<l2fiQ2a 



(61) 



where the appropriate model-dependent squared amplitude is used, an isospin factor of two has been included and 
the centre of mass momentum is 

2 -'^ \ / 2 2 \ 



(62) 



and the triangle function is X{x,y, z) 



t± 



I'D' 



— 2x{y + z) + {y — 2)^. Integrating over the kinematical range defined by 
+ - ^d) ± ^A^/^(s,TO^,m^/^)A^/^(s,TO|,,m|,.) (63) 



gives the total cross-section. Carrying this to completion for the two models yields Fig. 3. We see an energy-dependent 
reduction in the cross sections across the relevant domain and to quote a specific number we note that at ^/s ~ 5 
GeV the cross-section is reduced by about 40% going from the SUv{^) model to the S'[/l(4) x SUb{4:) model. 



15 





Vs (GeV) 



FIG. 3: Isospin-averaged cross-section for J/ip + tt ^ {D* + D) + {D* + D). 



VII. CONCLUSION AND OUTLOOK 



Modeling low-energy hadron physics is particularly challenging when there is limited experimental input available 
for constraints. This is the current situation in the charm sector as the only measurement relevant for fixing coupling 
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constants in the model is the decay width for D* Dtt [31]. We have therefore invoked symmetries and general 
theorems. In particular, we have checked for full SUl{A) x SUfi{^) symmetry and the appropriate limit to test 
for compliance with Adler's theorem. We found that none of the published models can do this, and we therefore 
proposed a new effective Lagrangian — the first one which does encode complete four-flavour chiral symmetry and 
Adler's theorem. Our interest here has been solely to quantify the effect of these. A complete calculation including 
form factors and a longer list of reactions is a topic for a separate study. 

Since Adler's theorem is relevant at low-energy, the near-threshold cross sections are expected to be affected the 
most. We found the cross section for J/-0 -I- tt ^ {D* + D) + h.c. to be reduced as compared to a choice of Lagrangian 
which does not encode the full flavour chiral symmetry and does not obey Adler's theorem. The reduction is energy 
dependent, but seems to be a few tens of percents from threshold to ^/s = 5 GeV. In a full calculation the size of this 
reduction might not persist when one takes into account not only form factors, but also abnormal parity interactions 
and symmetry breaking effects (e.g. pseudoscalar masses and non-degenerate vector mass spectrum). 

Abnormal parity interactions may play an important role near threshold. Indeed, it was shown that Adler's theorem 
breaks down if a soft Goldstone boson can be inserted on an external line. This is expected to happen for abnormal 
parity Lagrangians where a VV4> vertex exists. The abnormal parity contribution to the J/ip + tt amplitude will then 
not vanish in the soft limit. The problem in including these interactions lies again in the lack of experimental data to 
fix the coupling strengths. 

Symmetry breaking effects are also expected to be important since the underlying S'C/l(4) x SUr{4:) is broken. 
Work is currently being done to include the physical mass of the vector meson within this formalism, while insisting 
that Adler's theorem hold for pions in normal parity interactions. 

It will also be important in the future to take this formalism to completion by implementing covariant hadronic 
form factors computed within the same effective Lagrangian or perhaps other approaches. Ultimately, the outlook 
for this line of study is to estimate the dissociation cross sections with all the light hadrons, with finite size effects 
incorporated, and then to input the results into a dynamical model for heavy ion reactions to finally address the 
question of J/ip survivability in the hadronic phase (primarily mesonic matter). For then, one would have a more 
complete understanding of the J/tjj yield and therefore know what it implies about QGP formation. 
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APPENDIX A: DECOUPLING OF THE PION IN THE J/i/j + tt -* D" + D PROCESS 

Here we look at the soft-momentum limit of the full amplitude for the absorption process J/ip + tt under the 
degenerate- vector meson mass condition. Again, we set one of the pseudoscalars' 4- momentum to zero (i.e. here pi, 
but the proof is identical for p2). As shown in a Section III B, for on-shell vector particles, the first amplitude goes 
to zero. For the second amplitude we have 



Using momentum conservation in the first and second terms and noting that t ~ [qi — q-2f' = {p2 ^ PiY yields 

...2/ n\ ■ [(92 -P2)^ffMA + (fyi +P2)m.9A,. - (gi +92)a5mi']P2a(1 + A) 

[pi ^ 0) = -igj/^D'D'g-nDD- 2 o \ 2 ^2 ' \^^! 

Pi-2pi-p2+P2- m*J 

which reduces to 

■A^2 / n^ igj/iliD'D'gTTDD' r / , \ , a\ 

iJ^li^iPl ^ 0) = 2 m,^P2tJ^- P2uP2t^ + qitiP2u + P2tJ,P2,^ - [qi + q2) ■ P2giiu\[i + ^) 

igj/^D-D-gnDD' , / 2 2n ui , A^ 

= 5 — [q2uP2^, + qii,P2u-{qi-q2)g^i.A{^ + '^)- (A3) 
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Contracting with the polarization vectors gives 

tM'\pi^O) = '9J/^D'D'9.DD' ^ A)e-(g2)[g2.P2p + qi^P2. - {ql ~ ql)9^..V{ql) 
m£i,2 — mjj 

= 0. (A4) 

In the 5[/l(4) x SU i?(4) model, the pscudoscalar meson thus decouples. But for the 5[/v(4), where M.^ (contact term) 
is present, the full amplitude does not disappear. Note also that, as pointed out in [16], unless the underlying vector 
meson masses are degenerate (i.e. the vector mesons are arranged in SU (4) multiplets) we have a residual contact 
term due to the second amplitude, and consequently the amplitude will not vanish when one of the pseudoscalar 
momenta goes to zero. 



APPENDIX B: ELECTROMAGNETIC CURRENT CONSERVATION FOR THE 7 + 7r+ ^ D° + D*+ 

PROCESS 

The proof that the electromagnetic current is conserved for this process in the S'C/y(4) model is given in [13]. The 
authors invoke VMD, which we have shown to be exact in this model. For the SUl{^) x SUr{A) model, we have five 
amplitudes to consider (Fig. 4): two which involve three intermediate particles (i.e. w, and J/ij^), two s-channel 
contributions (one dominated by the p- meson and one through a direct ^-rtt vertex), and a 4-point interaction. More 




FIG. 4: Diagrams to be considered in the 5[/l(4) x SUr{4) model for the process 7 + 7r+ — > D*+ + D". 
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specifically, the five amplitudes are 

'm^ 2 

iekgF^g gvtfxf, 



1 1 1 

4^12^3 

1 1 2 

2 ^ 6 ^ 3 



91 - 



= 



[gua - qi^qia/ml.] 



9 9 
qi - "ly 



[(2^2 - gOaff^A + (2gi - q2)^ig\a - (gi + g2)AgM 

t2 „2 



Pia(1 + A)+p2a(1- A) 



= - 



(gi -q2? - 

— gii^gia/'Tly] (2pia + gia)(2p2^ + g2^) 

4 ql-mlr {qi+piY-ml 



2 

iegv4><l> 



{pi + qiY-ml 



where the first amplitude vanishes because of the S'C/(4) structure of the vector meson multiplet. Contracting with 
qii, and e*(g2) we find 



e*>^{q2)qlMl, 
e*^{q2)q'iMl, 



■ kgv(i>(f> 
ie2gv^4, 



e*'^(g2)grxj, = + 



iekgv<j},j} 



I 1 1 

4 ^ 12 " 3 

1 1 r 

^ 12 " 3 
2p2 • e*(g2) 



2pi • e*(g2) = 



[pi + P2) • e* (g2) = - ^^^^ (pi + P2) • e* (g2) 



e*^{q2)qlMl, 



e*^iq2)q'(M' 



ie{l - k/2)gv4,ct, 



ie2gv4,4, 



2p2-e*(g2) 

gi • e*(g2) 



(Bl) 



3 1 1 

4 ^ 12 " 3 



gi ■ e*(g2), 



where kg = gv<i><i> and gF^ /rriy = l/gv<p<p- Using momentum conservation we see that the Ward identity holds when 
we add up all the contracted amplitudes. In the case where k = 2 the Ward identity can be shown to hold for each 
subset of diagrams with a particular intermediate vector particle as in [13]. 



APPENDIX C: FIXING COUPLING CONSTANTS 



Since the purpose here is only to compare cross sections calculated within two models, form factors will not be 
introduced. Clearly, in a complete calculation, these would have to be included. Furthermore, the coupling constants 
will be fixed by fitting p phenomenology and then using symmetry relations. For the interaction term 

£ = _,5^pTr[p^[7r,9^7r]], (CI) 

the corresponding width is 

Fp-^TTTT -. (C2) 

liTT 

With the measured width of T{p tttt) = 151 MeV and p and tt masses of mp ~ 770 MeV and m^r = 140 MeV, the 
coupling constant is evaluated at g^TTTr = 8.55. Noting that gsuv(i) — gp^-^ ^^"^ gsUL(i)'>^SUR(i) = '^'^pl gp^-nF^ = 3.98 
(F^ = 132 MeV), and using the symmetry relations, all the coupling constants can be evaluated (see Table I). 
Besides the difference in the contact term, the slight difference between the two models for the coupling gj/tpwD' 
is attributable to the presence of the extra parameter k (= 2.15) in the SUl{^) x SUfi{A) Lagrangian. An alternate 
approach is to fix the coupling constants by fitting known hadronic and radiative decay widths using VMD [11, 14, 15]. 
The symmetry is then invoked for determining the 4-point coupling for which there is no specific empirical information. 
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Coupling constant 


SUv{4:) 


SUr{4:) X S'f/L(4) 


9j/iiDD 


4.94 


4.94 




4.94 


4.60 




4.28 


4.28 




21.10 






TABLE I: Coupling constants for the the two models considered for the J/t/j + tt absorption process. 
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